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Role of monovalent ions in the reabsorption of fluid by
isolated perfused proximal renal tubules of the rabbit
MAURICE B. BURG AND NORDICA GREEN
National Heart and Lung Institute, National Institutes of Health, Bethesda, Maryland
Role of monovalent ions in the reabsorption of fluid by isolated
perfused proximal renal tubules of the rabbit. Proximal convoluted
tubules were dissected from rabbit kidneys and perfused in vitro in
order to determine the effect of monovalent ions on fluid absorp-
tion and transepithelial voltage. Replacement of sodium in the
perfusate and bath by lithium, tetramethyl ammonium or choline
caused the rate of fluid absorption and voltage to fall to near zero.
Replacement of potassium in the bath by sodium had the identical
effect. Replacement of chloride by nitrate or perchlorate had com-
paratively little effect. The results are consistent with the generally
held view that active sodium transport (mediated by a Na- and K-
activated adenosine triphosphatase) is the primary process respon-
sible for the absorption of the fluid and the voltage. Replacement
of bicarbonate in the perfusate and bath by chloride caused the
rate of fluid absorption to decrease by 33%. The possible relation
between sodium transport and bicarbonate is discussed.
Role des ions monovalents dans Ia reabsorption de liquide par les
tubes proximaux de lapin isolés et perfusés. Des tubes contournés
proximaux de rein de lapin ont été disséqués et perfusés in vitro
de facon a determiner l'effet des ions monovalents sur Ia rCabsorp-
tion de liquide et sur Ia difference de potentiel trans-épithCliale. Le
remplacement du sodium dans Ic perfusat et Ic bain par du lithium,
du tetraméthyle ammonium ou de Ia choline amène au voisinage de
zero Ia reabsorption de liquide et Ia difference de potentiel. Le
remplacenient du potassium du bain par du sodium a Ic mCme
effet. Le remplacement du chlore par du nitrate ou du perchlorate
a, comparativement, peu d'effet. Les résultats sont compatibles
avec Ia notion génCralement admise que Ic transport actif de so-
dium (par l'intermédiaire d'une adCnosine triphosphatase Na-K
activCe) est Ic processus primaire responsable de Ia reabsorption de
liquide et de Ia difference de potentiel. Le remplacement du bi-
carbonate dans Ic perfusat et le bain par du chlore determine une
diminution de 33% de Ia reabsorption de liquide et de 28% de Ia
difference de potentiel. Ainsi Ic transport actif de sodium depend
en partie du bicarbonate, probablement parce qu'il existe, dans Ia
membrane luminale, un échange ionique sodium hydrogène, ce
qui est une étape commune dans les transports du sodium et du bi-
carbonate.
The principal monovalent ions in plasma and gb-
merular ultrafiltrate are sodium, potassium, chloride
and bicarbonate. Although it has been evident for
some time that these ions are important for the ab-
sorption of fluid from proximal convoluted tubules,
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the exact role of each has remained the subject of
contention.
The purpose of the present experiments was to
examine the role of these ions in absorption of fluid
by isolated perfused proximal convoluted tubules
from rabbits. The ions were omitted individually
from the perfusate or bath or both and the resultant
effect on the rate of fluid absorption and trans-
epithelial voltage was observed. When sodium was
removed from the perfusate and bath or potassium
was removed from the bath, fluid absorption and the
voltage fell close to zero. Replacement of chloride by
nitrate or perchlorate had comparatively little effect.
Replacement of bicarbonate in the perfusate and
bath by chloride caused the rate of fluid absorption to
fall by. one-third. These results are consistent with the
view that active sodium transport is the primary
process, and that bicarbonate and potassium contrib-
ute as co-factors.
Methods
The method used to study isolated perfused prox-
imal convoluted tubules has been described pre-
viously [1—4] and is summarized below, emphasizing
subsequent modifications.
Young New Zealand white rabbits (generally Ito 2
kg body wt) were killed by decapitation. A kidney
was removed immediately and sliced in a plane paral-
lel to the surface, using a Stadie-Riggs microtome.
The superficial cortical slice was discarded. The next
slice beneath the surface was immersed in control
perfusate (composition given below) kept chilled on
ice. A proximal convoluted tubule was dissected and
then perfused at 37°C using the concentric glass pi-
pets illustrated in [2], Figs. 2C and 3C. The mean
perfusion rate was 11.9 nI min1 and the range of
tubule lengths was 1.1 to 2.3 mm.
The rate of fluid absorption was calculated as pre-
viously [3], using '4C-inulin as a marker for volume.
The transepithelial voltage was measured using the
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perfusion pipet as a bridge into the tubule lumen [4].
The perfusate in that pipet was connected via a 0.16M
NaCI-agarose bridge and a calomel half-cell to the
input of a differential preamplifier (Transidyne
Corp., Model MP8) and the voltage was read on a
strip chart recorder (Hewlett Packard, Model 680M).
The bath was grounded via an identical agarose
bridge and calomel half-cell. Prior to attaching the
tubule, the recorder was set to zero with the control
perfusate and bath in place. Then the various combi-
nations of perfusates and baths to be used in the
experiments were placed in the apparatus. Generally,
there was no shift in the baseline voltage which re-
mained zero without any tubule.' After each experi-
ment the baseline voltage was checked again and
found to be stabile. Since the control perfusate and
bath have essentially identical ionic compositions, the
liquid junction potential between them at the per-
fusion pipet tip is negligibly small and the trans-
epithelial voltage can be read directly once the tubule
is in place. The same is true of most of the experimen-
tat solutions in which composition of the perfusate
and bath was also essentially the same. When bi-
carbonate was replaced by chloride in the perfusate
but not the bath, however, there was a significant
difference in ionic composition between the perfusate
and bath. In that case the voltage recorded with the
tubule in place was corrected for the theoretical liq-
uid junction potention between the bath and per-
fusate (0.9 my, as previously calculated [5]).
In most experiments the tubules were perfused for
30 mm with the control solutions prior to measuring
the rate of fluid absorption and voltage during three
consecutive collection periods of three to six minutes
each. The first experimental solutions were then sub-
stituted and the measurements repeated after ten
minutes. In some tubules this procedure was repeated
with a second set of experimental solutions. (The
order of testing the experimental solutions was alter-
nated, however, in different tubules as indicated by
the lines on the figures.) Finally, the control solutions
were reintroduced and the measurements repeated
after ten minutes. The mean value for rate of fluid
An exception was that replacement of sodium by the other Ca-
tions in the perfusate and bath caused small shifts in the baseline
voltage with no tubule in place. The shifts are unexpected since
the changes in the liquid junctions at the bridges are symmetrically
opposite and should theoretically sum to zero. Evidently there
are some effects at the junctions and bridges that are not ac-
counted for. The shifts were relatively small (choline substitution,
+0.4 to 0.8 my; lithium, —0.9 to —1.1 my; and tetramethyl
ammonium, +0.5 to +0.6 my), were stabile and were reproduc-
ible. When these solutions were used, the voltages with the tubule
in place were corrected by the amount of the shift recorded on a
given day.
absorption and voltage was determined from the
three individual collections during each condition in
a given tubule. The differences between the voltage
and rate of fluid absorption in various conditions in
the individual tubules were also calculated. The sum-
mary data are presented as the mean of the results in
the individual tubules or the mean of the differences
of paired observations in the individual tubules the
SEM (N number of tubules). For tubules in which
control measurements were made both at the begin-
ning and end of the experiment, the mean of these
results was used in the calculation. Student's t test
was used to determine statistical significance.
The various perfusates and baths were prepared
fresh each day and were checked for osmolality, pH
and sodium and potassium concentrations, using the
same methods as previously [6]. The composition of
the control perfusate [6] was, in mmoles: NaCI, 114;
NaHCO3, 25; K2HPO4, 2.5; MgSO4, 1.2; CaCI2, 2.0;
glucose, 5.5; alanine, 6.0; Na lactate, 4.0; Na3 citrate,
1.0. The composition of the control bath was identi-
cal except that 1) 6 g/lOO ml of albumin was added
(bovine serum albumin, Metrix, Armour Pharma-
ceutical Co., defatted by the method of Chen [7] and
stored as a lyophilized powder prior to use); 2) CaCl2
concentration was 3 mM; and 3) NaCI concentration
was adjusted so that the bath had the same osmolality
as the perfusate.
In order to vary bicarbonate concentration, some
or all of the bicarbonate was replaced with chloride.
Perfusates or baths containing bicarbonate were gas-
sed with 95% 02, 5% CO2 resulting in a pH of 7.4
(with 25 mmoles of bicarbonate) or 6.8 (with 5
mmoles of bicarbonate). Bicarbonate-free solutions
were gassed with 100% 02 and adjusted to pH 7.4
with 0.15 M HCI.
When sodium was to be eliminated, it was replaced
by lithium, tetramethyl ammonium or choline. The
composition of the perfusate was, in mmoles: XCI,
121; XHCO3, 25; K2HPO4, 2.5; Mg3 citrate2, 0.5; Ca
lactate2, 2.0; alanine, 6.0; glucose, 5.5 (where X repre-
sents the cation replacing sodium). The composition
of the bath was identical except for the following: 1)
Albumin (6 g/l00 ml) was added. For these experi-
ments the albumin added to the bath was defatted
and then dialyzed in 2 mM K2HPO4 buffer to elimi-
nate NaCI. (The same dialyzed albumin was also used
in the control portion of the studies.) 2) CaCl2 in the
bath was 3 mi. 3) The XC1 concentration was ad-
justed so that the bath had the same osmolality as the
perfusate.
When chloride was to be eliminated, it was re-
placed by perchlorate or nitrate. Otherwise, the solu-
tions were identical to the control solutions. (The
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albumin used in both the control and experimental
baths was dialyzed as well as defatted.)
Reagents. Choline chloride (Eastman Kodak) was
recrystallized from ethanol. LiHCO3 and tetramethyl
ammonium bicarbonate were prepared from tet-
ramethyl ammonium hydroxide (K & K Rare and
Fine Chemicals) and LiOH, respectively, by passing
CO2 through a solution of the hydroxide until the pH
of the reaction mixture was 8.0. The concentration of
bicarbonate in the resulting solution was measured
using a Kopp-Natelson microgasometer. Choline bi-
carbonate was purchased from Mathieson Coleman.
Results
Control measurements. In tubules studied using the
control solutions, the mean rate of fluid absorption
was 0.91 + 0.04 [27] nl mm'min' and the mean
transepithelial voltage was —2.7 0.02 [27] my, sim-
ilar to previous results under the identical conditions
[6]. In tubules in which the control solutions were
tested at the end as well as at the beginning of the
experiment, there was no significant difference with
time (mean fluid absorption was +0.06 0.04 [19] nI
mm'min' greater in the later measurements and
voltage was —0.02 0.2 [19] my greater, i.e. more
negative in the lumen).
Sodium. When sodium was replaced- in the per-
fusate and bath by tetramethyl ammonium, lithium
or choline, the rate of fluid absorption and voltage
fell close to zero (Table 1, Figs. 1 and 2). When the
control sodium-containing solutions were restored,
there was a return towards the control values (Figs. 1
and 2), Thus, omission of sodium inhibited fluid ab-
sorption and the voltage in a reversible manner.
Potassium. When potassium was replaced in the
bath by sodium, the rate of fluid absorption and the
Fig. 1. Effect of cations on proximal convoluted tubules. Lithium or
tetramethyl ammonium replaced sodium in both the perfusate and
bath, as indicated.
voltage also decreased reversibly to close to zero
(Table 1, Fig. 3). In contrast, when potassium was
replaced in the perfusate by sodium, the rate of fluid
absorption and the voltage decreased only by 20 and
16%, respectively. Thus, omission of potassium from
the bath greatly inhibited fluid absorption and the
voltage, whereas omission of potassium from the per-
fusate had little if any effect.
Bicarbonate. When bicarbonate was replaced in the
perfusate and bath by chloride, the rate of fluid ab-
sorption decreased reversibly by 33% and the voltage
by 28% (Table 1 and Fig. 4). When bicarbonate in the
perfusate was lowered from 25 to 5 m (replaced with
chloride), the decrease in the rate of fluid absorption
was small and not statistically significant (Table 1),
but the voltage decreased by 48%. Thus, omission of
bicarbonate from the perfusate and bath partially
inhibited fluid absorption and the voltage, whereas,
lowering its concentration in the perfusate signifi-
cantly affected only the voltage.
Chloride. When chloride was replaced in the per-
Table 1. Summary of the effect of ion replacements on proximal convoluted tubulesa
Ion omitted Replaced by Changed in
Rate of fluid absorption
nl mm' min' SCM
Voltage
mV SCM
Control Change Control Change N
Sodium Choline p + b 0.80 —0.86 0.07" —3.0 +2.6 0.5" 5
Sodium Tetramethyl
ammonium
p + b 0.89 —0.84 + 0.1 1" —2.8 +2.8 06" 6
Sodium Lithium p + b 1.03 —0.99 + 0.07" —2.8 +3.5 0.6" 4
Potassium Sodium b 0.90 —0.83 0.06" —3.4 +3.2 + 0.5" 4
Potassium Sodium p 0.90 —0.18 Q•Ø7d 34 +0.5 0.1" 4
Chloride Nitrate p + b 0.80 +0.13 0.08 —3.0 —0.3 0.2 5
Bicarbonate Chloride p + b 0.97 —0.32 0.07" —2.5 +0.7 + 0.1" 12
Bicarbonate Chloride pC 0.89 —0.09 + 0.05 —2.9 +1.4 + 0.4" 6
Chloride" Nitrate p + b 0.96 —0.26 0.07" —4.4 +0.3 0.3 4
Chloride" Perchlorate p + b 0.96 —0.24 + 0.06" —4.4 —5.5 1.3 4
Each tubule was studied with the usual control solutions (see Methods) except that in the last two experiments (") no bicarbonate was
present during the "control" (replaced by chloride). p = perfusate, b = bath.
In the experimental periods bicarbonate in the perfusate was decreased to 5 mmoles (i.e., 20 mmoles of bicarbonate was replaced with
chloride).
"P < 0.05.
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Fig. 2. Effect of monovalent ions on proximal convoluted tubules.
Choline replaced sodium or nitrate replaced chloride in both the
perfusate and bath, as indicated.
Fig. 3. Effect of potassium on proximal convoluted tubules. Potas-
sium was replaced by sodium in either the perfusate or bath, as
indicated.
In the control periods of these experiments (in the absence of
bicarbonate), the rate of fluid absorption was 0.96 0.10 [4] nI
mm1min', similar to the control results in other tubules tested
with bicarbonate present(0.91). This result is unexpected, since
in experiments specifically testing the effect of bicarbonate (Table
1, Fig. 4), fluid absorption was 33% lower in its absence. We
assume that the relatively high mean values found without bi-
carbonate in these four tubules represent selection by chance and
that, had they been tested with bicarbonate present, the rate of
fluid absorption would have been even higher.
No
bicarbonate
Fig. 4. Effect of bicarbonate on proximal convoluted tubules. Bi-
carbonate was replaced by chloride in both the perfusate and bath
and the solutions (gassed with 100% 02) were maintained at pH 7.4
by the nonbicarbonate buffers present.
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fusate and bath by nitrate, the rate of fluid absorption
and the voltage did not change significantly (Table 1
and Fig. 2).
In other experiments replacement of chloride in the
perfusate and bath was tested in the absence of bi-
carbonate (Table 1 and Fig. 5).2 Under these condi-
tions, fluid absorption decreased significantly when
chloride was replaced by nitrate (27% decrease) or by
perchlorate (25% decrease). The voltage was un-
changed when nitrate was used, but increased greatly
with perchlorate(125% more negative in the lumen).
Thus, omission of chloride from the perfusate and
bath had no effect in the presence of bicarbonate, and
caused a small, but significant, decrease in the rate of
fluid absorption in the absence of bicarbonate. In
either case the effect of omitting chloride was small
compared to the effect of omitting sodium.
Discussion
Although investigators have proposed for some
time that there is active reabsorption of sodium from
renal proximal convoluted tubules and that the active
transport of sodium is primarily responsible for the
reabsorption of fluid [8—10], the theory is still dis-
puted and alternative mechanisms continue to be sug-
gested, as discussed in a recent review [11].
The principal evidence that there is active sodium
transport was that sodium transport occurred against
an electrochemical gradient. Thus, when a poorly
permeating nonelectrolyte was present in the lumen,
sodium concentration in the lumen fell below the
peritubular level in Necturus [9], rat [12—15] and rab-
bit [161 proximal tubules. Further, the reabsorption
of sodium was found normally to be opposed by a
voltage which was negative in the lumen of Necturus
proximal tubules [17, 18] as well as in the early part
of rat [19, 20] and rabbit [4, 21] proximal tubules.
Additional evidence for active sodium transport was
that ouabain, which inhibits sodium transport,
caused a decrease in the reabsorption of salt and
fluid from proximal tubules of Necturus [22], rat [23]
and rabbit [5, 24, 25]. It is generally believed that the
active sodium transport is linked to cellular
metabolism via the sodium- and potassium-activated
adenosine triphosphatase [26].
Accepting that there is active sodium transport, the
question remains to what extent sodium transport is
primarily responsible for reabsorption of fluid, as
E
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opposed to other mechanisms that have been pro-
posed. In support of a primary role for active sodium
transport, reabsorption of fluid was correlated to that
of sodium chloride when the concentration of sodium
varied in Necturus proximal tubules [9]. Further, so-
dium concentration did not change as fluid was ab-
sorbed from proximal tubules under normal condi-
tions [11, 121, also indicating a close correlation
between sodium and fluid reabsorption. Such correla-
tions, although suggestive, do not necessarily show,
however, that active sodium transport is primarily
responsible for the reabsorption of fluid.
An alternative approach is to remove the sodium
from the fluids bathing the inside and outside of the
tubules. If sodium transport is primarily responsible
for absorption of fluid, the absorption of fluid should
stop under these conditions. The experiment was first
performed in Necturus using the split-droplet micro-
puncture technique in double-perfused kidneys [271.
Absorption of fluid was unchanged when sodium was
replaced by lithium, potassium, rubidium, cesium or
choline, implying that sodium is not necessary for
fluid absorption. The result, if confirmed, is of ob-
vious importance. There were, however, in these ex-
periments several departures from the usual micro-
puncture technique, whose effect must be evaluated
before accepting the results without reservation.
Light mineral oil was used to isolate the aqueous
droplets in the tubule lumen, whereas other in-
vestigators have used more viscous oil [28] in order to
prevent leaks of fluid around the oil. The rates of
renal perfusion (0.11 and 0.21 ml min1 for portal
vein and aorta, respectively) were an order of magni-
tude lower than those used by others [28]. Also,
intraluminal pressure was intermittantly elevated by
the investigator to an unmeasured extent whereas
others [28] have stressed the importance of strictly
controlling the pressure.
The results of the present studies differ from those
in Necturus. In the present studies when sodium was
removed from the solutions bathing isolated rabbit
proximal convoluted tubules, absorption of fluid fell
close to zero. A similar experimental result was re-
cently reported in rats [29]. When in rats the lumens
of proximal convoluted tubules and the surrounding
capillaries were perfused with sodium-free solutions
(choline substitution), the rate of fluid reabsorption
also fell close to zero. Although we interpret these
results to indicate a primary role of sodium transport
in fluid absorption, two other possibilities should also
be mentioned. First, the presence of the cations sub-
stituted for sodium rather than the absence of sodium
might have caused the inhibition (i.e., they might be
toxic, nonpermeating, etc.). We consider this to be
unlikely since in the present experiments three cations
with different properties (lithium, choline and tet-
ramethyl ammonium) all had the same effect. Sec-
ond, the sodium might be essential not because of its
transport, but because it is necessary for some other
undefined cellular function which is required for fluid
transport. There is no independent evidence to sup-
port this possibility. Also, reabsorption of fluid did
resume, when sodium was added back to the solu-
tions, excluding any generalized irreversible damage
to the tubules due to the lack of sodium. Thus, while
recognizing that there are other possibilities, we be-
lieve that fluid absorption stopped when sodium was
removed because transport of sodium is the primary
event in absorption of fluid.
We interpret the effect of removing potassium from
the bath along the same lines. It was found previously
that removal of potassium from the bath inhibited
absorption of fluid from proximal tubules in rat kid-
ney slices [23, 30]. The results of the present experi-
ments are confirmatory. When potassium in the bath
was replaced by sodium, fluid absorption was greatly
inhibited. In contrast, removing potassium from the
perfusate had little, if any, effect. Potassium in the
bath presumably is necessary for the function of the
sodium- and potassium-activated adenosine tn-
phosphatase which is involved in sodium transport
[26]. Thus, the effect of potassium most likely is
indirect, due to a requirement of potassium for so-
dium transport. We consider alternative possibilities,
such as effects of potassium on cell volume and trans-
epithelial permeabilities, to be less likely explanations
for the decrease in the rate of fluid absorption when
potassium was omitted. Incidentally, since removal
of potassium from the bath or addition of ouabain
virtually completely inhibited net fluid absorption in
rabbit proximal tubules, there is no need to postulate
the existence of a second sodium pump, independent
of potassium and not inhibited by ouabain, such as
has been proposed for the proximal tubules of other
species [31].
g 1.2
1.0
0.8
2 E 0.6E 0.4
Chloride Nitrate Perchlorate
Fig. 5. Effect of anions on proximal convoluted tubules. Nitrate or
perchlorate replaced chloride in both the perfusate and bath, as
indicated.
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As an alternative to active sodium transport, other
investigators have proposed that an important frac-
tion of reabsorption of fluid by proximal tubules is
passive, driven by colloid osmotic and hydrostatic
pressure gradients [32—34]. The weight of previous
experimental evidence opposed this view [9, 11, 25,
35]. In addition, the present findings that sodium and
potassium are specifically necessary for fluid absorp-
tion argue against any major role for such a passive
mechanism.
Accepting that active transport of sodium is pri-
marily responsible for absorption of fluid from prox-
imal convoluted tubules, the question remains
whether this is the only active process involved. The
active transport of a number of other substances such
as bicarbonate, chloride and various organic solutes
has also been invoked as contributing to fluid absorp-
tion. It is not clear, however, whether or not these
other substances are actively transported indepen-
dent of sodium transport to a sufficient extent to drive
an important fraction of fluid absorption by them-
selves. Certainly, in the present experiments there was
little fluid absorbed in the absence of sodium, despite
the continued presence of the other solutes.
We will first discuss the evidence for a role of the
other solutes in fluid absorption, then consider a
model which may account for the complex inter-
relations between the transport of sodium and the
other solutes.
Fluid absorption by rat proximal convoluted tu-
bules is greatly inhibited in the absence of bicarbo-
nate [29, 36, 371. Several different mechanisms have
been proposed to account for the effect:
1) The reabsorption of bicarbonate causes its con-
centration in the lumen to fall and that of chloride to
rise [11,381. As a result, the concentration of sodium
bicarbonate is higher in the blood than in the tubule
fluid, and the opposite is true of sodium chloride.
Given that the reflection coefficient for sodium bi-
carbonate is higher than that for sodium chloride, the
unequal concentrations provide a driving force for
absorption of fluid by osmosis. Considering its rela-
tively low reflection coefficient, sodium chloride
should be carried along in the additional fluid by
solvent drag [20, 30, 36]. In support of this theory,
transepithelial concentration differences for bicarbo-
nate were found to affect fluid absorption by rat
proximal convoluted tubules [29, 36, 37]. In contrast,
however, bicarbonate and chloride concentration dif-
ferences per se did not cause changes in fluid absorp-
tion by isolated perfused rabbit proximal convoluted
tubules [5], and this mechanism is unlikely to be of
great importance in dogs, in which there normally is
little if any difference between the concentration of
— Na
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Na Metabolism
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Fig. 6. Mode/illustrating some possible pathways for sodium trans-
port by proximal convoluted tubules. See text for discussion.
bicarbonate in the tubule fluid and the blood [39].
Thus, the importance of this mechanism may vary
among species. In addition, there is the possibility,
which will be discussed later, that the transport of
bicarbonate is secondary to the active transport of
sodium, and thus is not itself a primary event.
2) Another theory was suggested earlier by Smith
[401 to explain acidification in distal tubules which at
that time were believed to be the only site at which
acidification occurred. The theory applies equally
well to proximal tubules which are now known also
to acidify. Smith proposed that the urine is acidified
by tubular excretion of hydrogen ions in exchange for
reabsorbed sodium. Pitts [41] later suggested that the
sodium for hydrogen ion exchange occurs at the lu-
men border of the tubule cells. The effect of bicarbo-
nate and other diffusible buffers to enhance fluid
absorption in rat proximal tubules has been attri-
buted to this mechanism. It was proposed [42] that
the buffer anions enter the tubule cells from the lu-
men by nonionic diffusion (or as carbon dioxide in
the case of bicarbonate). In the cells they dissociate to
form hydrogen ions and buffer anions. The hydrogen
ions are then secreted into the lumen in exchange for
sodium and the butler anions diffuse across the per-
itubular cell membrane into the blood. The addi-
tional sodium taken up by the cells is available for
pumping across the peritubular border, augmenting
the rate of sodium transport (Fig. 6). The additional
sodium bicarbonate transported in this manner pre-
sumably drives additional absorption of fluid. In sup-
port of the theory, not only is reabsorption of fluid
and sodium dependent on the presence of bicarbo-
Cells PeritubularLumen
I7
— Na
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nate or other buffer anions [37] but reabsorption of
buffer anion (glycodiazine) is dependent on sodium
[421.
3) Other theories for the role of bicarbonate in-
clude direct effects of intracellular pH or buffer anion
concentration on the permeability to sodium and on
sodium transport [37, 43].
Whatever the mechanism is by which bicarbonate
affects fluid absorption, the magnitude of the effect
varies with the species studied. In rats lowering the
bicarbonate concentration from 25 m to zero
caused the rate of fluid absorption to decrease by
one-half or more [29, 36, 37]. In the present experi-
ments with rabbit tubules, the decrease was only
33%,3 In Neclurus, removing bicarbonate from the
renal perfusate had no effect on the rate of reabsorp-
tion of fluid [44].
It has been proposed [13] that there is active trans-
port of chloride as well as sodium across proximal
tubules, and that transcellular salt transport is driven
only by a neutral sodium chloride pump. The find-
ings of the present experiments are not consistent
with an important role for active chloride transport
since when chloride was entirely replaced by nitrate
in the perfusate and bath there either was no change
in the rate of fluid absorption (with bicarbonate pres-
ent) or a comparatively small decrease (without bi-
carbonate). The result was similar when perchlorate
replaced chloride. These results are in striking con-
trast to those in rabbit diluting segments which trans-
port chloride actively. Replacement of chloride by
nitrate in the diluting segments resulted in elimina-
tion of the voltage which is caused by active chloride
reabsorption and drives the passive sodium reabsorp-
tion [45]. Similar to the present results, findings of
other studies of chloride in proximal tubules also are
consistent with a passive transport mechanism. In
both rat [15] and Necturus [44] proximal tubules, the
electrochemical gradient for chloride is sufficient to
explain its reabsorption on a strictly passive basis.
As has been discussed above, reabsorption of so-
dium by proximal tubules evidently involves inter-
action with other transported solutes. Figure 6 in-
cludes some possible pathways for the interactions as
previously suggested for various tissues including
proximal renal tubules [6, 11, 37, 41, 42, 46—48]. In
this scheme active transport of sodium is the primary
'In previous experiments in isolated rabbit proximal convoluted
tubules using rabbit serum in the bath and ultrafiltrate of rabbit
serum as perfusate; the rate of fluid absorption decreased only 8%
(which was not statistically significant) when bicarbonate was re-
moved [5]. The difference may possibly be due to unidentified
buffers present in the serum and ultrafiltrate but not in the artifi-
cial solutions used the the present studies.
process and is driven by cellular metabolism. Trans-
port of the other solutes is dissipative, driven by co-
transport or countertransport with sodium at the lu-
men border of the cells. The active transport of so-
dium is at the peritubular and lateral borders of the
cells. The active sodium transport is dependent on
potassium, because sodium- and potassium-activated
adenosine triphosphatase is involved. The sodium
transport reduces sodium activity in the cell below
that in the extracellular fluids. Sodium may enter the
cells along this gradient across the lumen membrane
without interaction with other solutes and then be
transported out again across the peritubular border.
This pathway presumably is most important in Nec-
turus, in which there is little evidence for interaction
of the transport of sodium and other solutes. In other
species the sodium entry may be linked to hydrogen
ion extrusion (countertransport) and organic solute
uptake (co-transport). Such linkages explain the mu-
tual interdependence of sodium transport and the
transport of other solutes. The linkages could also
provide the energy needed for the net uphill transport
of the other solutes. Logically, there could be addi-
tional noninteracting pathways for the other solutes,
as well as for sodium, so that strict stoichometric
coupling may not occur. Also, the relative impor-
tance of the different pathways could vary among
species, explaining different degrees of dependence of
fluid transport, for example, on glucose or bicarbo-
nate transport in different studies. Finally, sodium
and the other solutes transported into the basolateral
spaces provide the osmotic driving force for the
transport of fluid and the transport of fluid may itself
carry additional solute by solvent drag [15, 20].
Reprint requests to Dr. Maurice B. Burg, Section on Renal
Metabolism, Laboratory of Kidney and Electrolyte Metabolism,
National Heart and Lung Institute, National Institutes of Health,
Bethesda, Maryland, 20014, U.S.A.
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